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Tit | e; A sensor System And Method For Measuring Strain in Structure 
FIFI D OF THF INVENTION 

[0001] The present invention is related to a system and method for 
5 measuring strain that is experienced by structures. More particularly, the 
present invention is directed towards a wireless sensor system and method 
for measuring strain in structures based on electromagnetic resonance. 
BaCKfiROUNP QE THF INVENTION 

[0002] In the 1930's the U.S. and Canadian governments began public 
•10 work programs to develop a transportation infrastructure comprising roadways 
and bridges. The increased weight and numbers of today's trucks compared 
with design loads that were used for the roads and bridges at the bme of 
construction, combined with aging, environmental conditions and the use o 
corrosive salts has resulted in deterioration and increasing structure 
15 deficiencies. Currenfly, the U.S. has 642.000 bridges that consume billions o, 
dollars each year in construction, rehabilitation and maintenance. In Canada, 
there are an estimated 10,000 railroad bridges and 30,000 automobile bridges 
with 40% of these bridges requiring repair or replacement. A similar situafion 
is said to exist in Europe and Asia. It can be appreciated that other structures, 
20 such as, for example, but not limited to, aircrafts, dams and buildings can also 
suffer from similar structural degradation. 

[0003] in light of these problems, significant research has been directed 
over the last few years towards the field of structural health monitoring in 
order to mitigate potential hazards to the general public. The research has 
25 been directed towards improved methodologies in detecting and monrtonng 
structural degradation with an eye towards improving service life and 
minting down time for maintenance. Ongoing monitoring may be used on 
these structures to control and predict maintenance and replacement costs 
and also to increase the lifetime and reliability of these structures. For 
30 example, structural information gathered on bridges is important m 
determining whether or not load ratings should be changed, to catch faults 
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ear.y enough so that repaid may be done, or to find structure, problems that 
require the bridge to be replaced. 

[00041 The ourrent movement towards structural monitoring involves a 

lion suite of distributed smart sensors which -n 
5 construction flaws or structure, fatigue to expose a potential a^d to «he 

publi c. Structures having these sensors are referred to as smart 

Embedded smert structure techno.ogy (actuate, and sensors) offers the 

!lue abUity to assess structures on demand to deterrmne the current 

Zln oHhe structure. These sensors may aiso be 
10 specific conditions. For exemple, these devices can provde evenM>ased 
ration such as the condition of structure, integrity after a sudden impact 

1 an earthquake, or continuous measurement of deta for a range of stra.n 
and damage conditions. 

[0006] Two main groups of prior art sensors have been deve.oped for 
„ use I smart structures. The first group of prior ert sensors 

that require hardwiring and inciude traditiona. stra.n gauges a nd fibe -opt, 
strain gauges. The traditionai strain gauges are made of meta, fed and are 
, n e to the structure. The strain is determined by measuring the res^noe 
o he meta, foi. or by determining the mechanic, resonant frequency o *e 
20 ml* foi. The fo., gauges require a physics, connection to transmit the 
20 TIL regarding the structure, strain as we,, as a 

power for the stra.n gauge. Fiber-optic strain gauges were *»**» 
Less some of the problems associated wfth trad.ona, stra.n gauge, F e 
optic strain gauges are embedded into the structure but requ.* * 1*«*o 
25 connection to make a measurement. One technique for measu ng — r* 
strain uses the center reflectivity waveiength of the ophcal flber Bragg 
Z ngs Systems based on both traditiona, strain gauges and flber-opt,c 
£ gauges resurm a series of connected sensors throughout the structure. 
I0 0061 Both traditiona, strain gauges and flber-optic strain gauges 
30 IJe a „nk to the outs.de world. According*, when these sensors are 
Zed in a structure, provisions for this ,ink, such as w.res, must be 
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provided. Over time these wires can corrode and compromise the integrity of 
the monitoring system. In addidon. fiber-optic units can be difficult to install 
and can be subject to temperature drift. Furthermore, when the connections 
Hnklng these sensor systems break then the monitoring system wili not 
function. 

mm ■ The sec ond oroup of prior art sensors comprise passivesensors 

jywfj ~ . . in~lnrlA acQUStlC 
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acoustic 

sensors and sensors that employ passive circuits for detecting strain. 

o.. nm pv OF THE INVENTION 

^ present invention is directed towards a sensor system and 
method for measuring strain experienced by a structure. The sensors of the 
sensor system would be installed into a structure such as a bridge, bu,ld,ng or 
the like to detect the strain experienced by the structure. Several sensors can 
be strategically placed at various locations of the structure that are 
15 susceptible to forces. The sensors do not require a source of power and could 
be elated on demand by a remote interrogator which could be brought 
wftn in relative proximity to each sensor to activate and record measurements 
from each sensor individually. 

,00091 Each sensor has an electromagnetic resonator such as, for 
20 example, an electromagnetic cavity having a resonant frequency that ,s 
related to the dimensions of the cavity. The dimensions of the cavity are 
dependant upon the strain experienced by the structure. Accordingly, strain 
experienced by the structure would be represented by changes >n the 
resonant frequency of the sensor. The interrogator utilizes an interrogation 
25 signal having a frequency content that matches the resonantfrequency of he 
electromagnetic cavity. Upon excitation by the interrogation s,gna . he 
electromagnetic cavity would produce a response signal that .s related to the 
resonant frequency of the cavity. The interrogator would process the response 
signal to determine the strain that is experienced by the structure. 
roOIOI Accordingly, in a first aspect, the invention is directed towards a 
system for measuring strain experienced by a structure. The system 
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• « . sensor with a body having an electromagnetic resonator. The 

i thP censor further includes a coupler that is 

nrs — ^ — » - — ■ ™ 

10 interrogator also receives the response signal. 

[0 011, in another aspect, the present invention provides a sensor for 
1 • ^ h« a structure The sensor comprises a body 

measuring strain experienced by a structure, tor 
having an electromagnetic resonator. The electromagn 

; Jelectromagneuc resonator thereby ^J^Z ^ 
sensor also includes a coupler that ,s ecu and 
transfers the interrogation signal into the electromag 
transfers the response signal out of the electromagnetic resonator. 
20 ,0012] >" a further aspect, the present invention provides a method for 
2 during strain experienced by a struch.ro. The method compnses. 

a) coup.ing a sensor having an electromagnetic resonator to the 

structure; 

b) providing an interrogation signal to the 
25 resonator to evoke a response signal; and, 

c) receiving the response signal. 

S^ESS^S^- P-nt invention and to show 
Z Lady how it may be carried into effect, reference win now be made, by 
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way of example onfy, to the accent drawings which show a preferred 
embodiment of the present invention and in wh,ch: 

-» 

accordance with the present invention; 

[00151 Hgure 2a is afrontview of ft. sensorwith a piate removed; 
,00161 Figure 2b is a rear view of the piate of the sensor; 
[0017J Figure 2c is a front view of the piate secured to the sensor; 
10 [00101 Figures3a,3band3carefrontviewsofvadousembodimentsof 

the electromagnetic cavity; 

[0019, Figure 4a is a biocK diagram of an eiectromagnetic cavity before 
being affected by a strain; 

[0 0201 Figure 4b is a b,oc k diagram of an eiectromagne«ccav l tvwh„e 

15 being affected by a strain; 

[0021 , Figure 5a is a front view of an aiternative embodiment of the 
sensor having a mechanical amplifier; 

[002 2] Figure fib is a magnKied view of the mechanic, amplifier; 
[002 3l Figure 5c is a biock diagram illustrating how the ampiifier acts 
20 like a lever; Dlot of response signal amplitude versus 

the electromagnetic cavity; 

„■ R h is a Dlot of response signal amplitude versus 

determining the resonant frequency ot me 



PCT/CA2003/000952 

WO 2004/003500 

-6- 

,00261 Figure 7a is a plot of interrogation signai ampiitude versus time 
Ing t h interrogation signai that is used for a second method of 
Alining the resonant freguency of the e,eotrcmagnet,c cav,ty, 
t 002T, Figure 7b is a plot of response signa, ampiitude versus t,me 
« Hie secld method of determining the resonant freguency of the 
electromagnetic cavity is used; 

[00281 Figure 7o is a pint of response signai ampiitude ve.ua tme 
when gating is used to eiiminate unwanted reflects; 

7H is a olot of response signal amplitude versus 

. C-S— — — — ■— — ■ 

the electromagnetic cavity is used; 

10 030, Figure 8a is a b.ocK diagram of an embodiment of the 
interrogator; 

10031, Figure 8b is a bloc* diagram of an alternate embedment of 

15 interrogator; and, 

[0 0 321 Figure . is a flowchart of a method for sensing the force ,n a 

structure. 

therein is a partial cross- 
t00 33] Refernng now ^ „ 

» seotiona, front ^J^^^L* system 10 comprises an 
experienced by a structure 14. be for 

interrogator 16 and a pluraiity of sensors 18. The •« 

va,us — r 

susceptibie to strain (these locations are known only a partial 

30 sirnpiicityof iliustration and explanation oniy one sensor 18 and on y 
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a The censors 18 do not require a 
source of power and could be actual ^ 

16 38 d ^ bed rr ils^st - record —en. 
relative proximity of each sensor 

5 from each sensor 18 individually. 

body compnsmg s,de walls that, interro gator 16 provides an 

- sense, 1. ~^J^JZZ^~»*" 
10 interrogate s.gnai 24 that « ^ 20 produce s a response 

coupler 22. In response, the interrog ation signal 24 may 

be at least part, V ^a oontent ^ matohes «, e resonant 

interrogation S1 gnal 24 has a frequ y ^ ^ fae 

« frequency of the eiectromagnebc cav*y2 0M ^ ^ 

mU ch energy at the resonant frequency ^of the e lec ro g ^ 
„ retleoted by the electromagnetic cavrty » «* *em J» g ^ 

is being — ed. cavity 20. 

signal comporient at the resonant 1 « - ^ ^ 

20 Aiternatively, the interrogation s,gnal 24 ^ay not ^ ^ ^ 

thatmatohestheresonantfrequenoyofthee^omg ^ 

case , most of the interrogation ^ mos t o, 

the interrogation s,gnal 24. In this fa nt since 

25 .sonant frequency of the , **« . „ wj „ vary depe „ding 

the resonant frequency of the electrom ag on 
on the dimensions of ^^^^ the change in the 
the strain 12 expenenced by the struc ^ 
resonant frequency of the electromagnet, cavrty 20 prov, 
30 the strain 12 experienced by the structure 14. 
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mn,* Referring new te Figure 2a. shown therein is a front view of an 
1 I dmen. ^heTensor 18 wfth the eiaotromagnetio cavity 20. The sensor 
embodiment « Mh. sensor electromag „etic oavity 20, and a 

18 has side walls 30 that encirc electromagnetic 

° rr:"r,r™r:— — - « — 

dimensions of 90 mm x 90 mm x 30 mm. 

plate 34 which forms one of the s,de walls of the 
15 The P ,ate 34 has a Z - walls 30 via 

apertures 32 so that ^ „„, „ mited to , pins , screws, nuts 

suitable fasteners such as for example. ^ ^ ^ 

and bolts. Alternatively, pressure fitted J ^ sjde walls 30 

which will be discussed further below. 

,„ Raure 2c shown therein is a front v,ew of the 
100381 Refernng now to Figure 2c, sh ^ 

25 sensor 18 as it would be appear in use witt, th ^ 

of the coupler 22. The sensor 10 ich 

any debris from entering the Ignefio cavtty 20 or 

compromise the resonance properties of the electrom 

30 damage the wire 40. 
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rO 0391 The side wa.ls 30, p.ate 34 and the bottom wall (not shown).o, 
Lor 18 define the boundaries of the eiectromagnetic cavrty 20. The 
! »^ 30 date 34 and bottom of the sensor 18 are preferably ng,d to 

rrrr:: M - - — * r - - zttz 

< surfaces are also reasonably flexible to allow the volume tn 
5 e~nL cavity 20 to change in response to the strain 12 expenenced 



in the structure 14. 

Tn heClcy of the transferred electromagnetic energy. Accord,ng.y, the 

resonant frequency of the electromagnetic cavrty 20. 

Anv completely enclosed conductive surface, regardless of As 

* = articular shape for the electromagnetic cavity 20 may aep 
of a particular .hap ^ ^ ^ gs ^ frequency 

direction upon which the strain iz is to u 
range of operation. 

an PvamDle of an electromagnetic 

100421 f Referri ::Th ° et: « — d . - *. «— 

30 cavity 20 for use w,th the sensor g 
embodiment, the electromagnet cavrty 20 resembles a 
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resonant frequency . ^ ^«"* wmn the e ,ectrornagnetic cavity 
mode of the electromagnetic fields that exist wixnin 

20. , 

10 [0043] ^itrsitr-— 

changed by changing the dimensions of the elect™ w 

is Known as shape tuning. For instance, varying Qf ^ 

new resonant frequency because the inductance and ^ ^ 

, tmmM netic cavity 20 are changed by differing amounts. If the dimens. 
electromagnetic cavity i d „ reased the resonant frequency will 

15 of the electromagnetic oavity 20 are decreased, th 

increase. This w»i occur when there is a change . £-» « 

stru cture 14. This is shown in Figures a and 4b where n ^ 

^.(Figu-.onapor,^ 

eieotromagne to cav* 20 esul* , ^ ^ 

20 eiectromagnetic cav*, 20 (Figure 4b) 20 increases. 

18 surrounding the electromagnetic cavity 20. 

25 Figure 3b having dimensions in the x, y and z direction represented by he 
25 ,n Figure y tic ^ 20 can support TEmnp and 

parameters a, b an d ;* e eleclric wave , TM stands for 

TMmnp modes, where TE stands for indica ting the mode of 

transverse magnetic wave and m, n, and pare 
the enclosed fields. Both the TE mnp and TM m „, modes 
30 frequency W given b Y : 
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where c is me speed of light (3 x 10° m/sec). 

rn0 «n Assuming that no TE or TM modes are excited in the z d.reohon 
(0045] Assummy directions (i.e. m = 

(i e p = 0) and only the first mode is exerted .n the x and y a 
5 „ . 1) then the resonant frequency (f r ) is given by equat.cn 2. 

(2) 



Hi 



i + f 



resonant frequency is given by equation^ 

r i T (3) 



ft J lAfc+fc, 



„ Ah « h the resonant frequenoy is olosely approximated by 
10 Furthermore, if Ah « n, xne 

equation 4. 

c 



fr = 



Ah 
1 2h 



(4) 



The resonant frequency (f u ) with no strain is: 

c 



(5) 



4lh 



15 The resonant frequenoy (f.) that ooours due to strain is: 

*-'H> B ) 



(6) 



wh ere E = <M. * — ** — ^' 
caiouiated from the resonant frequencies f u and f. accord.ng to. 



E = 



(7) 
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The strained resonant frequency f. can be larger or smaller than the 
unLled resonant frequency f. This depends if the strain 1 2 is pos.ve or 
negative. 

[00461 By se.ec«ng a high frequency range for the interrogation signal 
5 L sensor system 10 is ab.e to make preoise measurements of smaH 
amounts of strain. For instance, given values of f u = 3.6 GHz ana - 
3.5 9 9 9 g5 GHz, i.e., a change in resonant frequency of 2.5 KHz, the 
would be: 

^(3.6-3^999975) „,.^ drafn (8) 

10 Therefore, operating at 3.6 GHz, results in a shift in resonance of 2* KHz far 
every change in strain of 1 microstrain. Accordingly, the sensor system 10 w II 
Z 2 to make precise measurements of small amounts of stram, even ,n 
parts per million. 

,00471 A strain of 0.1%, for example, would result in a frequency 
16 change of 2.5 MHz. Accordingly, to measure such a strain, the sensor system 
0 would need a bandwidth of a. least 2.5 MHz. Since the regulatory 
11 ions wou,d dictate the frequency mat could he used for the sensor 
system 10, some possible frequency ranges that may be used would be 
centered at 900 MHz, 2.5 GHz and 5.8 GHz. The frequency range at M GHz 
20 may be used since it would have a bandwidth from 2.4 to 2.6 GHz (200 MHz) 
lich is more than adequate for sensing the 0.1* strain mentioned above. 
[00481 As mentioned previously, the coupler 22 transfers or injects the 
ten gation signal 24 into the electromagnetic cavity 20 and the coupler 22 
a to transfers or radiates the response signal 26 to the interrogator 1«L 
25 En r y can be inserted or removed from an electromagnetic cavrty 20 by 
!ame methods that are used to couple energy into and out of wavegu d^ 
The operating principles of probes (e.ectric coupling), loops (magnet. 
L p.!), JL are the same whether used in an **— j£ 
or a waveguide as is commonly known in the art. Therefore, an one of «, e 
30 three methods may be used to transfer energy ,nto or out- of 
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coupling would ba determined by the size, shape and posrton of the siot. 
,00491 The ooupler 22 preferabiy oomprises the antenna 42 coupled to 
Te wL 40 The antenna 42 aliows the coupler 22 to receive the interrogation 
5 la 24 and transmit the response signa. 26 while the wire 40 in.ec* he 
5 lotion signal 24 into the electromagnetic cavity 20 a. — the 
response signal 26 to the antenna 42 for transm,ss,on. The antenna 42 s 
respons g unstraine d resonant frequency of the 

^ ™nl ^ 20 o that there is efficient coup.ing for the frequency 

for the antenna 42 such as a patch antenna or a loop antenna. 

rnosoi The wire 40 acts as a probe and the interrogation signa, 24 
[0050] The wire „ rnhe to set uo an electric field within the 

25 mcrease. The greater pow ^ ^ ^ 

type of wire 40. 
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c ou Pl er may be used to — electromagnetic energy from the 
electromagnetic cavity 20. 

[0052] An alternate method of transfer^ or injerfng ene*y * e 
1 * on hv setting up a magnetic field in tne 

electromagnetic cavrty 20 * . smaI1 

5 electromagnetic cavity 20. This can be ac P e , ectromagri etic 
100 p at the end of the wire 40 which fc „„ ^ 

cavity 20. A magnetic field builds up around t a * pan exp 
eiectromagnetic cavity 20. .f the frequency o the c^nen ,n * 
th e sonant bandwidth of the electromagnetic cavity ^ J fc lhe 

« transferred to the * at a iocation of 
electromagnetic cavity 20, the loop 

max imum magnetic field intensity which depend^ on the m 

electromagnet M contained in the or led so that the 

increased, the bandwidth and power-han I, ^ ^ ^ 
increase. Remove, of energy from the electromagnetic cavity 
of the injection process using the same loop and wire 40. 

20 .OS, - --^r^trs^sr. 

resonant frequency m "-J^* ^ (requency in the RF range 
0 „ the order of 1 P^ F— £ electromagne tic cavity 20. In 

eliows for a more compact *»'9 n t frequen cies 

25 eddition, with an -j—J- * ^^ectromagnetic fi e,d within 
result in the excitation of different mo to 
the electromagnetic cavtty 20 which can make the sensor 
strains in different directions. 



30 

the resonance bandwidth: 
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Q = J — 

_27?Menergystored) ^ 
^~ average power loss 

^■ (energy stored) , (11) 

Q= energy loss per half cycle 

0 Q factor in excess of 1,000. A hign ^ ^ 2 0. In 

1B me rate at which the electric field w«, decay when 

24 is removed or turned off. The ag , ven in ^aton 

excitation is removed from the electromagnet* cavrty 

12: (12) 

E(,) = 

(i.e. the interrogation signal 24) is re 

value of the electric field intensity. ltprnative 

. =r.= -™ 

5b (please note that Figures 5a and 5b 
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5 amplifier. Other types of mecnanica 
arrangements of flexures oouid also be used. 

^"—•^**rr^2S 49 has a second 
first region 50 with a first .ength L, ^ ^ 

10 — - - .« — tSiTi^r. -rum region 52. . a 
first region 50 . coupied to he _seco « ^ ^ ^ ^ h ^ 

strain 53, having a magnrtude E,, • admg ^ ^ 

left direction, the first region 50 is exposed to 53 _ 

str ain 53 to the second region 51 w = expe = j* 

15 ma gnitude &. The second reg,on 51 forms a p rt 

*. eiectromagnetic cavKy 20" and accord.ng.y — * e 50 and 

— rr-rssss :rm;-on - * 

51, the magnitude of the strain 
according to equation 13. 

. L 2 03) 

20 L i 

• nc 50 51 and 52 act like a lever as shown in Figure 5c. 
Accordingly, the regions 50, 51 and 5Z 18 , 

The effect of any changes in the ^^^^ pensions of the 

electromagnetic cavity 20 . This in 
25 resonantfreguency of the eiectromagneflc cav^ ^ 

eiectrica. ^^J**^ enclo sed. This is not the case since 
the electromagnet* cavrty 20 • W-W due , 0 the 

*. sensor « has the mec— - - - ^ ^ wa „ s 3 , 

30 strain 53. To further .mplement the eleotn 
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in to orovide a small air gap 
are siightly lower in -energy flows from the 

underneath the plate 34 so that ^° m J fifst ^r 48. 

e,ectromagneflc cavity 2 0" into the , ^ve ^ ^ ^ 

.sLnt.ecuencyo.thee.eot^net.ccav.^O 

[0060] Therma, ddfl can he a with 
the accuracy - - P*» art = -» - J 

temperature fluctuations. Th,s makes a ft d . fficulUo 

10 taken during the winter and summe— ^ ^ f ^ 

Know if the strain in a structure has ^ mechanical ampW er 

— drift beoause 

44 shown in Figures 5a ana members 

temperature variaflons w, ^ 13 . 

11 48 and 49 by me same factor which cancels out meq 

„ an t frequency of the electromagnetic cavmes 20, 20 
10061] The resonant ^ ncy the structure 14, can be 

and 20", and hence changes ,n th e sfra ^ ^ ^ 

determined in one of two ways. Th ^ sjgnal 24 

frequency invoives the continuous P'^°" Referring to Figur e 6a, 
20 during the determination of 7^™^ ntem that matches the 
when the interrogation signal 24 has a f r q by ^ 

re sonant frequency of the ***** absorbs this frequency 

interrogaflon signal 24, the --^^^ 26 . Th us, while the 
content which will be absent ,n the '^^^ oavity 2 0, all 
25 interrogation signal 24 » excrtmg ^ ^ ^ ^ the 

freq uencies in the 2 „ «,„ b e reflected which is 

resonant frequency of the electromag ^ sensor 

.presented by a minimum at the freque y . n « ^ 
18 experiences a change ,n the stram 1* th ^ ^ 6a 

30 which is represented by*e m,— ^ . in th e 

Accordingly, the interrogator 16 may 
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response signal 26 which represents the resonant fluency o, the 
electromagnetic cavity 20. 

I0062] Ha^.^«.*^^^nrs 

L - sensor 16, there are a ,ot ^« ^ — ener gy . 
5 steel reinforcements, which may reflect and/or absorb 

The resuit is the "^J^I^ « — 

the resonant frequency. 

,00631 The second method of determining the resonant frequency of 

interrogat.cn s,gna. 24 ,s turned oft h ^ 

to produce the response P ^ energy at ^ reS onant 

12 . However, now the respon e *gna, ^ 

— - Tr3"en^ a^ e -nterrogaticn signs, 24 has 

20 Teel"^ 

htahG Lor the reflections from the objects within the structure 14 w„l stop 
Xe ^ elromagnetic cavity 20 stops producing the response s,gna «L 
Derore response signal 26 may oe 

cycle = 1/fr). tnA , i 

,0064, Referring now to Figure 7a, the interrogation signal 24 may be 
[0064] rwioin » nf , imp anc j then turned off. 

30 mediated or pulsed so that ft is on for a peno o 

The interrogation signal 24 is shown here as pulses 60 to show 
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Referring now to F.gure 7b, an ex reDreS ents the portion of the 

resonant frequency represented by f.. 
[0 065, Referring now to Figure 8a, shown therein is an 
20 Interrogator 16. The Z 

— ^TrsiTJ^ - — — 

interrogation s.gnal 24 to the sensor ?2 

-^ ta T r, L«STS Xlp-adetection 
via a directional coupler 74. The mterroga @ 

76 anaiyzes the response s,gnal 26 to detect 
e ,eotromagne«o cavity 20. The interrogator 16 fu*er ^rnp 
modu ,e 78 ma. is coupied to the detectron modu e «-£j*> 
provides an indication of any changes in the stra.n 12 that acts 



30 18. 
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lwm The n 2:zz::^«* - 

storing previous values ^Z^fToL^ « operation 
sensor system 10 and a control module 82 ^ 
interrogator 16. The memcy moduie 80 ^ coup. ^ fe 

5 me detection moduie 78 anc MN ^^8 and .e si g na, generator 18. 
connected to each module of the « a ™ of eacn of m e 

ne control module 82 -^^^S^Z.* may - a 
components of the ^ o« — — " 
microprocessor or a DSP. The 9 The input module 84 is 

10 moduie 84 that is connected to the control moduie «L * <> ^ & 

=r^J=™- 

15 or another suitable input device. 

signa, generator 70 ^ - - 

20 purpose of exerting the electromagnetic cavrty ^ 

„ of the - 

strain 12 experienced by first th e sensor 18 

taking a baseline measurement, perhaps up frequency 0 , the 

wrth the structure 14, an approximate value J-n 

25 --^^"-JJ-^^n^ a series of 
The b ase,ine me— ^coupi th6 sensor 18 with the 
measurements of the sensor unstrai ned resonant frequency. 

— 14t ° ^3,^,: IT— - a sedes of 
After the sensor 18 has been c P measurement of the 

30 measurementsmaytheni^takentoproduceana eragem 

strained resonant frequency. Average ,s used tc ^ve* ^ ed in me 
readings. The value of the baseline resonant frequency can 
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. ^ 82 for , a ter retrieval. Accordingly, during the next 
.emery - ^ ^ content of the ^rogation signal 24 may be 
measurement, the frequency _ uencv to determine the current 

va ried ehoutthe b ase r -na — «. 
resonant frequency. Once the curren durjng ^ 

5 val ue may aiso be stored in the memory measured 

— ssri - ~ — 

cavity 20. 

a i*n a i is a narrowband signal, such as a 
10068! « the interrogate - y of 

sinusoida. signal, the signai generator 7 ma ^ ly 

94. within a certain sweep range ui k 

the i— the current resonant 

15 measured resonant frequency t ^ ^ . 

the electromagnetic cavity 20. To gener oontro ned oscillator 

va ri ab .e frequency osciiiation circuit su* asa v^ge cont 
may be used for the signal generator 70. A — , -y ^ 

20 each,requenc v::rrerotd by *. *»«««<» ■ 

Z^rr "igureL. The detection modu,e 70 may then 

X*--dda te tode t ermineO,eresonantfreq U ency 

t00691 

25 used for the interrogation s,gnal 24. Such an ,nte g 

eoventegeous since the interrogate n s,gna ^ signa, 

trough the sweep range just menhoned. .n *mcm* 

24 may have a center frequency that ,s equ.vaient to P^o V 

resonant frequency. Furthermore, me ^^"^ of 

30 -* - 

the electromagnetic cavity 20 under exp 
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discussed further below. 

10 interference. In this case, me a a rpC5on ant frequency of the 

electromagnetic cavity 20. The signal y 

h<. — » -* — — ~t" " ^tt rii 

rrmrrrrr : ■=; r— . - - - 

25 shown in Figure 7a. 

m „™ The antenna 72 may be any antenna suitabte for generating and 
[0071] The antenna , antenna or 

receive the response signal 26. In this case mere 
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« M coup- 74. The « antenna 

ge nerator 70 via some signa, cond— as ? P ^ ^ 

tne second antenna would be coupled to the detee ^ ^ 

some signal conditioning circuitry to reduce the no,se 
5 response signal 26. nac , ive 
[00721 Th e directiona, coupler ^^^^ 
eomponent in RF devices , whi* ^ slgnal s in 

— ° r ^^ZC- — Lhile another signal is 

both direct.ons so that a signal may bWire ctional, four 

no being received. The directiona, ^J^J^m, 70. the antenna 
port coupler with the porU • — ° port would be .eft floating. 

72 a „d the detection mod , ^na 72, haif of the energy 

is sent to the antenna 72 and the o ^ ^ rf ^ 

sent to the signal generator 70. 
100731 The detection moduie 70 

20 moduie 70 may be implemented in a ^J^^L of the 
me thod is used for the, determ = n ^ would pre . 

e^romagneticcavrty^na,^ 

pr0 cess the response ^" 26 ^ M of the response signal 20 to 
signal 20 and to translate the frequency ^ ^ ^ 

25 another frequency band for mo. , > ^ ^ 

known to those skilled ,n s,gnal process^ F ^ 
— 70 may — a bandpass sponse signa , to 

response signal 20 as weil as m«e o ^ ^ 

an intermediate frequency or to the baseband t 
30 16 is impiemented using a digital s,gna, processor 
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used by the interrogator 16, and a n 
5 interrogation signai, the ^ , na , 2 , The enveiope 

« is -ed to detect the magnitude of the re*po 8 y ^ ^ 

aetectormay-^ 

Z*** „— — . ** * — - — for ^ interrogation 
[0075] 

signa! 24, the detection moduie 76 may .no ^ ^ 

resonant frequency. In this case, a „ ociated with a frequency, and 

^^or.m^K^^^ to detemine the 
loca te W hioh correiator or filter has the smallest P ^ ^ 

20 module <«hich ^JJ^^,.*.^^.-^- 
microprocessor or DSP is used to imp 26 . A thresholding 

fre quency analysis of the measure d re^nse „ ^ ^ ^ ^ 
a ,gorithm may be used on the d ^ the 

<™^^™*" o ZZ*^ — d so that time 

25 same interrogation signal 24 ^ averaging 

M ^ time lag for each response signal 26 ,s similar. 

that the hme lag , method of determining the resonant frequency 

[0076] V*en the ^ na „ M or a broadband signal 

M is used by the interrogator 16 and e, ^ ^ . 

is used for the interrogation signal 24, me 
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0 ,. to measure the portion 4 f h e e g ^ ^ ^ ^ 

7C , „ a narrowband s.gna i. ^ Jletopadateotortodeteotwhenthe 
, detection moduie 76 may be signiflcan t response 

response s,gnal 26 . max,m ^ ^ ^ of 

energy during the port,on 64 of the respc, » el ectromagnetio 
the narrowband signa, inciudes the — « hanging ^ center 
cavity ao. Since this event ^ *£^ uency in me swe ep range, 

the resonant frequency would be the frequen y 
interrogation signal 24. 

frequency anaiysis techniques P^ 10 ^*^^^ den otes the 
resonant frequency 0- see FJ»7« ^ ^ ^ _ 

t00781 The output module 78 pm ?8 recejve8 ^ 

25 the strain 12 that acts on the sensor ^'^oduie 76 and caicuiates the 
detected resonant frequency from the d^ect,on m ^ ^ 

change in force according to equabon 7 above- 

mod uie 78 is further coupied to the resonant frequency 

resonant frequency vaiue which may be the 

30 vaiue to determine an — frequency that was 

output moduie 78 may obtain the latest 
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measured to monitor the on 9 oing ^ in s = a, = —J* £ 
output modu.e 78 may further co.pr.se an output de c* s ^ 
screen to show the ca.cu.ated change .n structure. *-n 

determining the resonant fre « generates a modu.at.ng signa., which 
15 by the interrogator Iff, the moduiator 86 genera ^ 

sig „a. that is generated by the s,g g ^ ^ 

narr owband or broadband s,gna the interrogator 18 and wi.i 
interrogator Iff operates in the same fashion 

20 not be discussed. 

[0080J Ke.rr.ng now to P,ure 8, shown -.n ,s a^ethod. for 
'measuring the change , the strain 12 m — ^ 
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the elecfrornagnetic cavity 20 and hence the strain 12 experienced by the 
structure 14. . 

the sensor 18 to sense smaller changes in strain 12. 

Steo 94 of the method 90 may involve providing the 
[00821 Step 94 of ^ ^ center 

interrogation s.gnal 24 as a narro measuring the 

frequency of the narrowband s,gnal ,n a sweep range 
10 response signa, 26. Processing the response , »jn-» 

comprise performing frequency ana,ys,s or a fo m ^o en P ^ 
described above) to determine a minimum ,n the response 
frequency within the sweep range. 

, (ho method may comprise providing the 
Nation H Z :ZZZ^ — frequency equa, to 
15 interrogation signal 24 as measuring the response 

a previously measured resonant frequency 

signal 26. Processing the response s,gna. 26 ,n step ^ 

inte „ogat,on s a^s off t ^ processjng the 

contained — 1 ^ perform ing frequency 

25 reSP ° nSe S ' 9n orm of envelope detection (as described above) on the 

of the electromagnetic cavity 20. 
30 various locations in or on the structure 
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The st ructura, .nspector wou.d then ^^^Z 
sens or 18 and push a ^ en detect the — 

M ,0 *" tfTe sensor nd Locate the strain at that portion of ft. 
frequency of the sensor i o * ri istan ce away from the sensor 

5 structure 14. The interrogator 16 couio 

to excite the 

18 as .ong as the interrogation signa. 24 . > st c ^ ^ 

eiectromagnetic cavtty 20 and the response H^*« 
tneinterrogatoriemaydeterminetheresonantfrepuency. 

l00861 The e,ectromagnetic cav* ^^S^Z* 
10 hand, re.at.veW .arge amounts of powe ^ re, ^ ^ ^ ^ 
simple and rugged construction ana is a ^ 

nower source 

be wire.ess.y interrogated thereby M P ^ 
and any permanent e,ectnca, or optica. *a ^ 

othersensors. ^ easy tQ 

[00871 The sensor system 10 . *o J P ^ ^ o{ 

20 Anyone on the iob site may ^J^J^, be placed at structural 
construction of the structure 14. The sensors 18 may be 

Nations where n— m s^areexpe en^The^ ^ ^ ^ ^ 

embedded in a concrete structure 1 ,„ of concre te. 

instance, the sensor 18 may be <^eredb ^ g ^ rf ^ 

stru ctures after the ^^^«- »~" — 14 
30 type of adhesive >s needed « « ^ ^ ^ may be 

is coupied/transferred to the sensor 10 
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«-""■—"'*" Qf _ for the sen sor system 10 a, the 

r^a.so.^Un.eaes.np.aseorsucHs^ree. 

[00901 ^-—-rr^nr;:^ 

damage in civil structures. For mstance, after th ^ 

10 disaster such as an earthguaKe, determine 

determine the change in strain expenenc^ y th e ^ 

wn ether it is safe for emergencv -* ^ ^ ^ 

sirji^-™— ance 

and heaith of civil structures. For example ^ a 
o, .he meta, boxes would be embedded ««. -» fc 
of the bridge was compiete each of establish . baseline 

determine if the bridge meets ,ts speafica*™ a nd t b6 
reading . After this baseline was estab^hed * ^^.^ of the 
periodically interrogated to determme the heaith or 



20 

structure 



p09 , Although the — - — 
mustrate that the body of the sensor « has an e ^ 
25 shoutd be understood by those ^^^0, Furthermore, 

the electromagnets cavrty 20 may be fe ^ 

el ectromagne«c resonator that * ^ J instance , the 

dimensions of the --"^^^^Hn.*-, 
30 electromagnetic resonator may also be a d.electr. 
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100931 h embodiments described and ii.ustrated herein, 

can be made to the preferred em , he , CODe of which is defined in 

the appended claims. For instance ^ 
— to monitor ^ ^ P-ce smaiier 
frequency range would likely neea to 



sensors. 
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